Neutral trehalases mobilize trehalose accumulated by fungal cells as a protective and storage carbohydrate. A structural feature of these enzymes is the presence of an EF-like motif similar to that shown by many Ca 2+ -binding proteins. In this study we provide direct evidence for physical binding of Ca 2+ to neutral trehalase (Ntp1p) of the fission yeast Schizosaccharomyces pombe, and show that aspartic residues at positions 97 and 108 in the conserved putative Ca 2+ -binding motif of Ntp1p appear to be responsible for this interaction. Mutations in these residues do not interfere with the ability of Ntp1p to associate in vivo with trehalose-6-phosphate synthase, but prevent activation of neutral trehalase triggered by the addition of glucose or by subjecting cells to stressing conditions. Strains expressing Ntp1p variants that are unable to bind Ca 2+ partially resemble those devoid of the ntp1 + gene in terms of trehalose hyperaccumulation. Gel filtration of cell extracts from wild-type cells after EDTA treatment or from cells containing Ntp1p with mutations in aspartic acid residues within the Ca 2+ -binding site revealed that Ntp1p eluted mainly in an inactive conformation instead of the dimeric or trimeric active form of the enzyme. These results suggest that activation of S. pombe Ntp1p under different conditions depends upon Ca 2+ binding through the Ca 2+ -binding motif as a prerequisite for correct enzyme oligomerization to its active form. Given the high degree of conservation of the Ca 2+ accommodation site, this might be a general mechanism regulating neutral trehalase activity in other yeasts and filamentous fungi.
INTRODUCTION
The non-reducing disaccharide trehalose (α-D-glucopyranosyl-α-D-glucopyranoside) plays an important role as a reserve and stress metabolite in yeast cells and filamentous fungi [1, 2] . The ability of this storage carbohydrate to protect against denaturation of proteins and other cellular components in vitro correlates with a protective function against various environmental stresses in vivo [3, 4] . Several studies have shown that accumulation of this sugar induced by either sublethal stresses or overexpression of genes responsible for trehalose synthesis affords greater survival to yeast cells under extreme conditions [5, 6] . Conversely, other studies have demonstrated that mutant cells deficient in trehalose biosynthesis or with increased expression of enzymes able to hydrolyse this sugar display decreased resistance against various stresses [7] . The preservation properties of trehalose rely on the possible physical interaction of the hydroxy groups of this sugar with polar residues of cellular components, as explained by the water replacement hypothesis [8] . However, efficient renaturation of partially unfolded proteins by molecular chaperones after stress is inhibited by high levels of trehalose, so the protective process requires effective removal of trehalose during recovery [9] .
The enzymic hydrolysis of trehalose is carried out by trehalases, two basic types of which are known to exist in the fungal world on the basis of their pH optima: acid and neutral trehalases [2] . These two enzyme species do not share relevant structural identity and have distinct functions. Acid (or non-regulatory) trehalases have been localized to the vacuole or to the cell wall, and appear to be required for growth on trehalose as a carbon source [10] . Neutral (or regulatory) trehalases are cytoplasmic enzymes Abbreviations used: GST, glutathione S-transferase; Ha, haemagglutinin; Ha6H epitope, epitope comprising haemagglutinin antigen plus six histidine residues; IPTG, isopropyl β-D-thiogalactoside; ORF, open reading frame; PKA, cAMP-dependent protein kinase. 1 To whom correspondence should be addressed (e-mail maga@um.es) able to mobilize the endogenous trehalose pool whose enzyme activity is modulated by metabolic signals triggered by nutrients and physical stresses [11, 12] . The co-existence of neutral trehalases and their substrate trehalose within the cytosol suggests a fine regulatory mechanism to allow proper trehalose breakdown in response to extracellular stimuli. Neutral trehalases can thus be used as intracellular probes to outline pathways involved in the transmission of regulatory signals and to define the metabolic status of fungal cells. Several lines of evidence indicate that neutral trehalase activity is controlled by enzyme phosphorylation through a mechanism that involves PKA (cAMP-dependent protein kinase) [12, 13] , and that the active form of these trehalases corresponds to dimers or trimers of the enzyme protein [14, 15] . Neutral trehalases share a common C-terminal domain that is likely to contain the catalytic core of the enzyme [16, 17] . It has been proposed that a large N-terminal extension forms a regulatory domain, because of the occurrence in this portion of at least one perfect consensus site for PKA-mediated phosphorylation [11, [16] [17] [18] [19] [20] . Another molecular feature of neutral trehalases that has been characterized is the presence in the N-terminal domain of a Ca 2+ -binding site that is highly similar to well known Ca 2+ -binding consensus sequences that are present in other proteins [16] [17] [18] 20, 21] . In this context, various studies support the involvement of Ca 2+ in the activity of fungal neutral trehalases, because these enzymes are known to require Ca 2+ or Mn 2+ for activity and to be inhibited by EDTA [14, 16] .
Studies attempting to define the contribution of the phosphorylation sites to the activation of neutral trehalases have been performed by using Saccharomyces cerevisiae mutants altered in specific residues of evolutionarily conserved putative 
This study phosphorylation sites [22] . However, in spite of the evidence for a Ca 2+ -dependent neutral trehalase activity, the functionality of the EF-like Ca 2+ -binding site present in fungal neutral trehalases remains to be established. EF-sequence motifs are typically found in pairs in many proteins able to link Ca 2+ [23] , whereas only one is present in fungal neutral trehalases [16, 17, 20] .
Many essential cellular processes, such as cell cycle control, nucleotide metabolism and signal transduction, are tightly regulated by calcium. In numerous Ca 2+ -binding proteins, regulatory domains undergo large conformational changes upon ion binding, and this response modulates their overall intramolecular conformation and their interaction with other proteins, including aggregation and dissociation [23] [24] [25] . The present study reveals that Ntp1p (neutral trehalase) from Schizosaccharomyces pombe is Ca 2+ -dependent. We suggest that this ion is likely to be an integral part of active trehalase, and demonstrate that its binding to the EF-like consensus site is required not only for full activity in vitro but also for stress-induced activation of the enzyme in vivo. Sitedirected mutagenesis indicates that the effects of Ca 2+ are specifically mediated by this motif, whose alteration promotes changes in the oligomerization pattern of the enzyme which appear to be required for functional trehalase activity.
EXPERIMENTAL

Yeast strains and growth conditions
The S. pombe strains employed in this study are listed in Table 1 . Cells were routinely grown with shaking at 28
• C in YES (rich) or EMM2 (minimal) medium [26] supplemented with adenine, leucine, histidine or uracil (100 mg · l − 1 ) depending on the requirements for each particular strain. 5-Fluoro-orotic acid medium was used to isolate homologous insertions of Ntp1p-Ha (haemagglutinin) constructs into the ura4 + locus [27] . Mating of strains was performed in MEL medium [26] , and the purified ascospores were grown in EMM2 medium with the appropriate supplements. Solid media were made by the addition of 2 % (w/v) bacto-agar. D97L5  GGAATCTGAAGCCACCGACCGG  D97L  D97L3  CCGGTCGGTGGCTTCAGATTCC  R100L5  GACACCGACCTGAACATGCAAATC  R100L  R100L3  GATTTGCATGTTCAGGTCGGTGTC  I104L5  GAACATGCAACTCACCATCGAGG  I104L  I104L3  CCTCGATGGTGAGTTGCATGTTC  D108L5  CACCATCGAGGCTGCACCGGACC  D108L residues in Ntp1p were created by the overlap extension method with the use of PCR [28] . Two separate amplification reactions were performed with plasmid pBura-ntp1
Ha6H as template with the use of a first pair of primers [PRO52 (TCCG-CTCGAGATCGGTTAGTTCAGAGTC; XhoI site is underlined) and the corresponding 5 mutagenic oligonucleotide (D97L5, R100L5, I104L5 or D108L5; see Table 2 )], and a second pair of primers [NTP3M (ACTGGCATCGATTCTTCGAGT; ClaI site is underlined) and the corresponding 3 mutagenic oligonucelotide (D97L3, R100L3, I104L3 or D108L3; Table 2 )]. The two PCR products were purified by agarose gel electrophoresis, mixed, and subjected again to PCR with primers PRO52 and NTP3M. PRO52 and NTP3M hybridize at positions − 1092 to − 1075 in the ntp1 + promoter and at positions + 541 to + 561 in the ntp1
+ ORF (open reading frame) respectively. The resultant 1.7 kb fragments were digested with XhoI and ClaI and cloned into pBura4-ntp1 + : Ha6H, creating plasmids pBura4-ntp1 + -D97L, pBura4-ntp1 + -R100L, pBura4-ntp1 + -I104L and pBura4-ntp1 + -D108L, which contain the promoter plus the different mutated versions of ntp1 + fused to Ha6H and flanked by ura4 + sequences. These plasmids, together with pBura4-ntp1 + :Ha6H (wild-type Ntp1p), were digested with XbaI and KpnI, and the linear fragments were separately integrated in single copy into the ura4 + locus of S. pombe strain MMT-3 (∆ntp1) by transforming cells to 5-fluoroorotic acid resistance as previously described [27] . The homologous integration of the constructs into ura4 + was verified by Southern blot analysis.
Immunoprecipitation of Ha6H-and GST (glutathione S-transferase)-tagged proteins
For immunoprecipitation of Ha6H-tagged proteins, cell extracts were incubated for 12 h at 4
• C with monoclonal mouse anti-Ha antibody (clone 12CA5; Roche Molecular Biochemicals), and the immunocomplexes were adsorbed with Protein A-agarose (Roche Molecular Biochemicals) for 4 h at 4
• C. The immunoprecipitation of GST-tagged proteins was performed with a sheep anti-GST polyclonal antibody (Amersham-Pharmacia) and Protein G-agarose (Roche Molecular Biochemicals). In all cases the suppliers' recommendations were followed in terms of incubation times and washing of the complexes.
SDS/PAGE and Western blotting
Proteins were resolved in 10 % (w/v) acrylamide SDS/PAGE gels as previously described [15] , transferred to nitrocellulose filters (Amersham-Pharmacia) and incubated with mouse anti-Ha or sheep anti-GST antibodies. The immunoreactive bands were revealed with anti-mouse or anti-sheep horseradish peroxidaseconjugated secondary antibodies (Sigma Chemical Co.) and the ECL ® system (Amersham-Pharmacia).
Gel filtration
When required, desalting of enzyme preparations was carried out in Sephadex G25 columns (Pharmacia) using buffer A (10 mM Mes, pH 6.0) as solvent, and the fractions corresponding to the void volume were used in enzyme assays. For studies on sizeexclusion analysis, a Superdex-200 column (Amersham-Pharmacia) equilibrated with buffer A supplemented with 150 mM NaCl was used in an AKTA HPLC system (Amersham-Pharmacia). Lower salt concentrations were not used, in order to minimize non-specific electrostatic interactions with the column matrix. The column was calibrated using vitamin B 12 (1.3 kDa), cytochrome c (12.4 kDa), carbonic anhydrase (29 kDa), ovalbumin (43 kDa), BSA (66 kDa), yeast alcohol dehydrogenase (150 kDa), β-amylase (200 kDa), apoferritin (430 kDa) and thyroglobulin (670 kDa) (all from Sigma Chemical Co.) at the concentrations recommended by the manufacturer. Aliquots of 100 µl (1 mg of total protein) of the supernatant from ultracentrifuged extracts obtained from Ha6H-tagged strains N1 or N7 grown to mid-exponential phase, or after treatment with 0.5 M EDTA, were applied to the column with buffer A plus a yeast protease inhibitor cocktail (Sigma Chemical Co.). A flow rate of 0.4 ml/min was used and the elution was tracked by absorbance at 280, 235 and 220 nm. Blue Dextran (2000 kDa; Sigma) and vitamin B 12 were used for determination of void volume and total bed volume respectively. Molecular mass values were estimated from a calibration curve (correlation coefficients 0.98) generated by linear regressions of the elution volume for each protein using SigmaPlot (Jandel Scientific). To determine the fractions containing Ntp1p-Ha6H protein, 100 µl of each fraction (0.4 ml) was precipitated with trichloroacetic acid, washed with cold acetone, air-dried, resuspended in SDS gel sample buffer, and resolved in SDS/PAGE (10%) gels. Immunoreactive bands were detected by Western blot analysis with anti-Ha antibodies.
Enzyme assays, trehalase activation and trehalose content
Trehalase activity was assayed after cell breakage as described previously [29] , and expressed as units per mg of protein.
Activation of trehalase by the addition of glucose (0.1 M) was performed in stationary-phase cultures after growth in YES medium [29] . For stress-induced trehalase activation, cultures were grown in YES medium to mid-exponential phase (D 600 = 0.7-1.0) and then subjected to either heat treatment (40
• C) or osmotic upshift (0.75 M NaCl) for different times, depending on the experiment [30, 31] . Intracellular trehalose was extracted and estimated as reported by Beltrán et al. [32] . All determinations were repeated at least three times with consistent results. Unless otherwise indicated, representative results are shown.
Expression and purification of Ntp1p in Escherichia coli
The wild-type and mutated versions of the ntp1 + ORF fused to the Ha6H epitope were amplified by PCR using plasmids pBura4-ntp1
+ :Ha6H, pBura4-ntp1 as templates, with the 5 oligonucleotide BACT5 (GAT-CCATGGGAATGCCTTCGAAATTTTCC; NcoI site is underlined) and the 3 oligonucleotide BACT3 (CCGCTCGAGTT-AGTGGTGATGATGGTG; XhoI site is underlined). The resulting 2.5 kb fragments were digested with XhoI and NcoI, and cloned under the control of T7 promoter into plasmid pET-15b, an E. coli expression vector (Novagen). The resulting plasmids were transformed into E. coli BL21. The strains were grown in LB medium [33] plus ampicillin (50 µg/ml) in the presence of IPTG (isopropyl β-D-thiogalactoside) for 4 h and, once the corresponding cleared lysates were obtained, the Ntp1p-Ha6H fusions were purified using Ni 2+ /nitriloacetic acid-agarose beads following the procedures recomended by the supplier (Qiagen Inc.) 45 
Ca
2+ overlay assay
After Ni 2+ purification, 10 µg of each of the Ntp1p-Ha6H proteins was dot-blotted on to a nitrocellulose membrane and the blots were washed extensively for 4 × 15 min with wash buffer (10 mM imidazole/HCl, pH 7.6, 70 mM KCl, 0.5 mM MgCl 2 ). A 45 Ca 2+ overlay assay [34] was performed by incubating the blots with 3 µM 45 CaCl 2 (10 mCi/l; NEN) for 12 h at 20 • C, followed by consecutive washes with deionized water and 50 % (v/v) ethanol. After the blot was air-dried, it was exposed to Hyperfilm (Amersham Biosciences) for 48 h. Positive, calcium-binding controls included calmodulin (Sigma) and calpain (Sigma), with BSA (Roche) and alcohol dehydrogenase (Sigma) employed as negative controls. in vitro [12, 14, 16] . In this context, we reported previously that the neutral trehalase from S. pombe (Ntp1p) is also activated in vivo by various stresses, and showed a bivalent ion requirement in vitro, since the addition of EDTA to cell extracts greatly decreased trehalase activity [20] . Data summarized in Table 3 indicate that the addition of CaCl 2 to cell extracts obtained from exponential-phase cells of the fission yeast either growing at 28
RESULTS
Effect of
• C or after a heat-shock treatment did not significantly enhance the values of basal trehalase activity in each case. Although the results given in Table 3 Shown is a multiple sequence alignment of predicted amino acid sequences of the putative calcium-binding motifs in neutral trehalases from Schizosaccharomyces pombe [20] , Saccharomyces cerevisiae (NTH1 [11] ), Emericella (Aspergillus) nidulans [17] , Saccharomyces cerevisiae (NTH2; putative trehalase protein [19] ), Kluyveromyces lactis [16] , Candida albicans [18] , Neurospora crassa [17] , Metarhizium anisopliae [39] and Magnaporthe (Pyricularia) grisea [38] . Amino acids are shown in single-letter code. Identical amino acids in the consensus sequence are presented in bold. The PROSITE consensus sequence (database reference PDOC000018) for the calcium-binding loop in proteins with the EF-hand motif is also shown.
concentration, we were equally unsuccessful in demonstrating activation in a range from 0.01 to 10 mM CaCl 2 . Similar results were obtained for Mn 2+ (not shown). However, the presence of EDTA or of the more specific Ca 2+ -chelating agent EGTA did result in markedly low trehalase activity. These data confirm that Ntp1p is strongly dependent on Ca 2+ /Mn 2+ for activity. Further addition of salts containing Ca 2+ /Mn 2+ to EDTAor EGTA-treated enzyme preparations did not prompt recovery of the enzyme activity. Instead, sequential inhibition was produced by these supplements in assays attempting re-activation (Table 3) . Desalting of EGTA-treated enzyme preparations on a Sephadex G25 column also failed to show trehalase re-activation by Ca 2+ (results not shown). These observations are compatible with the interpretation that once Ca 2+ /Mn 2+ is removed from the enzyme protein by chelating compounds, an essentially irreversible denaturation occurs, so that the resulting enzyme is unable to be re-activated upon further Ca 2+ /Mn 2+ addition. A detailed analysis of the amino acid sequence of Ntp1p revealed the presence in the N-terminal region of a putative calcium-binding site (sequence DTDRNMQITIED; Figure 1 ) whose existence was first described in neutral trehalases from Saccharomyces cerevisiae and K. lactis [16] . This site appears to be conserved in all yeast and fungal neutral trehalases so far analysed ( Figure 1 ). Such a sequence is very similar to the calciumbinding site present in the helix-loop-helix EF-hand motif of numerous calcium-binding proteins, such as calmodulin, calcineurin B and troponin C [23, 35] . In all cases, the acidic residues at positions 1 and 12 in the motif are known to directly co-ordinate Ca 2+ ions, whereas residues at positions 3, 5 or 9 may also be involved, depending on the particular protein (Figure 1; [23] ). Hence we considered it very likely that this site might play an important role in the activity of the neutral trehalase in fission yeast.
Construction of strains that express Ntp1p mutated in different residues of the putative calcium-binding motif
Our first goal in attempts to assess the biological significance of the conserved putative calcium-binding site in neutral trehalase activation was to construct S. pombe strains containing versions of the ntp1 + gene mutated in different residues of the motif. We performed site-directed mutagenesis at the ntp1 + ORF and generated DNA constructs to express the wild-type (control) and D97L, R100L, I104L and D108L variants of Ntp1p fused to an Ha6H epitope at their C-terminus (see the Experimental section). We chose to mutagenize the conserved aspartic acid residues at positions 97 and 108 because these acidic amino acids, at positions 1 and 12 within the EF-hand motif, are critical for bivalent ion binding by proteins that harbour such a binding site [23] . On the other hand, arginine at position 100 is not a conserved residue, whereas isoleucine at position 104 (position 8 within the sequence; Figure 1 ) appears to be important for the correct conformation of the motif, although not directly involved in ion binding [23] . These constructs were integrated in single copy at the ura4 + locus in strain MMT-3, which is a mutant lacking neutral trehalase [7] , and the uracil auxotrophs were selected for 5-fluoroorotic acid resistance. The correct integration of the constructs was then confirmed by Southern blot (not shown). Thereafter, we performed a Western blot analysis with anti-Ha antibodies and cell extracts obtained from both the control strain (N1; non-mutated Ntp1p) and the Ntp1p-mutated strains N7 (D97L), N8 (R100L), N9 (I104L) and N10 (D108L) growing to mid-exponential phase, before and after a heat or osmotic stress. As shown in Figure 2 , all strains displayed similar levels of expression of the Ntp1p-Ha fusion protein, with a clear increase in protein synthesis upon heat or osmotic stress. These results validated the usefulness of these strains as a tool for studying the effects of the specific mutations described in trehalose breakdown by fission yeast.
Aspartic acid residues in the putative calcium-binding motif of Ntp1p are essential for activation of neutral trehalase
If the conserved calcium-binding site present in Ntp1p plays a major role in enzyme activation, then mutations in the main residues of this motif should greatly affect neutral trehalase activity under different conditions. We tested this hypothesis by measuring neutral trehalase activity at different times after addition of 100 mM glucose to stationary-phase cultures of the control strain N1 and the Ntp1p mutant strains N7 (D97L), N8 (R100L), N9 (I104L) and N10 (D108L) ( Figure 3A) . Addition of glucose to cells growing on a non-fermentable carbon source, stationary-phase cells and ascospores is known to induce activation of neutral trehalase in this and other yeasts [2, 29] . Alternatively, mid-exponential-phase cultures of the same strains were subjected to thermal ( Figure 3B ) or osmotic ( Figure 3C ) upshifts, which also induce strong trehalase activation in wild-type S. pombe cells [30, 31] . As shown in Figure 3 , aspartic acid residues at positions 97 and 108 (N7 and N10 strains) were critical for Ntp1p activation under all the conditions tested, whereas mutant R100L cells (N8 strain) displayed a slight increase in enzyme activity under heat shock ( Figure 3B ), but practically none after the glucose pulse or during osmostress ( Figures 3A and 3C) . Finally, cells with the I104L mutation (N9 strain) showed levels of neutral trehalase activation similar to those of control strain N1 under the same conditions ( Figures 3A-3C) , which is the typical response of wild-type strains [29] [30] [31] . These results demonstrate that, in S. pombe Ntp1p, mutations in aspartic acid residues at positions 97 and 108 within the putative bivalent ion-binding site bring about a drastic change that completely prevents neutral trehalase activation under all conditions assayed. In contrast, alterations in residues that are less significant for Ca 2+ binding either still allow activation to a lesser extent under heat shock (R100L) or have no effect whatsoever on the activation response (I104L). 
Trehalose levels in S. pombe containing Ntp1p with mutations in the putative calcium-binding motif
Part of the survival strategy of S. pombe involves a rise in the intracellular trehalose content when cells are subjected to stress, with this storage disaccharide acting as a protectant metabolite against adverse environmental conditions [5, 30] . Due to their inability to hydrolyse trehalose, S. pombe strains lacking the ntp1 + gene, which codes for neutral trehalase, show a higher trehalose content than control cells after a heat or osmotic stress [7] . A corollary of the results shown in Figure 3 is that the phenotype of Ntp1p mutant strains N7 (D97L) and N10 (D108L) should be similar to that of ∆ntp1 strains, because of their inability to activate trehalase under any conditions. Consequently, we tested whether cells of these strains, like ∆ntp1 cells, accumulate more trehalose than control cells (N1). Figure 4 shows results from the analysis of the trehalose content in wild-type strain MM1 and in strains N1 (control), N7, N8, N9, N10 and MMT-3 (∆ntp1), in exponentially growing cultures and after stress. Congruent with the above proposal, strains N7, N8 (R100L) and N10 accumulated as much trehalose as the ntp1 + -deficient strain MMT-3 during osmostress ( Figure 4A ). In contrast, strains N1 (control) and N9 (I104L), which displayed strong neutral trehalase activation under the same conditions ( Figure 3C ), accumulated trehalose to wildtype levels. However, under thermal stress, the results were not as conclusive, although they followed a similar trend ( Figure 4B ). Strains N1 (control) and N9 accumulated lower levels of trehalose compared with strain MMT-3 after a heat shock, whereas the trehalose content in strains N7 (D97L), N8 (R100L) and N10 (D108L), which showed decreased trehalase activation under the same conditions, was above the control value but lower than that found in the ntp1 + -disrupted mutant ( Figure 4B ). Taken together, these results highlight that S. pombe strains carrying versions of Ntp1p mutated in amino acid Asp 97 or Asp 108 resemble to some extent those devoid of the ntp1 + gene in terms of trehalose accumulation during osmostress and, less clearly, under thermal stress. 
Mutations affecting the putative Ntp1p calcium-binding domain do not alter the Ntp1p-Tps1p interaction
Previous work has demonstrated that Ntp1p and Tps1p (trehalose-6-phosphate synthase) interact in vivo to form reversible protein complexes, and that the active form of neutral trehalase is associated with Ntp1p dimers or trimers, but not with complexes containing Tps1p [15] . In this context, other reports have shown that the presence of Tps1p is necessary for neutral trehalase activation by glucose or heat stress, but not during osmostress [5, 36] , raising the possibility that heat shock activates trehalase through a specific mechanism involving the prior formation of Tps1p-Ntp1p complexes. Because neutral trehalase mutated at Asp 97 or Asp 108 is not activated by heat stress (Figure 3B ), we investigated whether this phenotypic trait could be due to a lack of interaction between Ntp1p and Tps1p. We constructed strains N1TG, N7TG, N8TG, N9TG and N10TG by mating strain C4 (containing Tps1p-GST) with strains N1, N7, N8, N9 and N10 respectively ( Table 1 ). The new strains express Ntp1p (in wildtype form or the corresponding mutated version) and Tps1p fused at their C-termini to Ha6H and GST epitopes respectively, and their synthesis is regulated in both cases by their own genomic promoters. These strains were grown in rich medium to mid-exponential phase, subjected to a thermal stress, and the corresponding extracts obtained. Thereafter, Tps1p-GST and Ntp1p-Ha6H were immunoprecipitated with anti-GST and antiHa antibodies respectively. As shown in Figure 5 , irrespective of the changed residue, the Ntp1p-Ha6H band was clearly detected with anti-Ha antibodies in the complexes obtained from Tps1p-GST immunoprecipitation ( Figure 5A, lanes 2-6) , whereas Tps1p-GST was visible with anti-GST antibodies after Ntp1p-Ha6H immunoprecipitation ( Figure 5B, lanes 2-6) . The 45 Ca 2+ Cl 2 (see the Experimental section). Positive calcium-binding proteins included calmodulin (4 µg) and calpain (10 µg), whereas BSA (10 µg) and alcohol dehydrogenase (ADH; 10 µg) were employed as negative controls. The same membrane was stained with Ponceau S as a loading control.
existence of the Ntp1p-Tps1p interaction was observed not only during heat stress, but also in growing cells and in those under osmotic stress (results not shown). We conclude that mutations in the putative EF-hand motif do not interfere with the ability of Ntp1p to associate in vivo with Tps1p.
Ca
2+ binding in neutral trehalases mutated in different residues of the putative calcium-binding motif
Results obtained thus far strongly suggested the occurrence in fission yeast of direct regulation of neutral trehalase activation by calcium ions through the putative bivalent ion-binding motif. We next examined the ability of the different Ntp1p variants to effectively bind Ca 2+ . To this end, we expressed recombinant versions of Ntp1p (control and mutants D97L, R100L, I104L and D108L) tagged with Ha6H at the C-terminus by employing the pET expression system in E. coli (see the Experimental section). After purification by affinity chromatography with Ni 2+ beads ( Figures 6A and 6B) , identical amounts of Ntp1p variants were blotted on to a nitrocellulose membrane and subjected to a 45 Ca 2+ overlay assay [34] . This technique has been shown to be particularly useful for identification of proteins containing EFhand Ca 2+ -binding sites, such as calpain, calmodulin, calcineurin B, troponin C and calexcitin ( [37] and references therein). As shown in Figure 6 (C), both non-mutated Ntp1p and the mutant I104L were able to bind 45 Ca 2+ to an extent similar to calpain and less effectively than calmodulin, whereas mutant R100L bound High-speed supernatants of extracts from heat-shocked strains N1 (control; wild type Ntp1p-Ha6H) and N7 (Ntp1p-D97L-Ha6H), together with an extract from strain N1 treated with 10 mM EDTA, were size fractionated by gel filtration through a Superdex-200 column. Proteins in 100 µl of each fraction were concentrated by trichloroacetic acid precipitation, separated by SDS/PAGE, transferred to nitrocellulose and incubated with anti-Ha antibodies. The asterisks denote the fractions with maximal trehalase activity in extracts from control strain N1.
the cation weakly. Notably, mutants D97L and D108L, which when expressed in S. pombe do not show enzyme activation, were unable to bind 45 Ca 2+ ( Figure 6C ). These observations confirm that S. pombe neutral trehalase is a Ca 2+ -binding protein. Furthermore, the results indicate that the aspartic acid residues at positions 97 and 108 in the enzyme, which are critical for trehalase activation, are directly involved in cation binding. Hence the capacity of neutral trehalase to be activated by different stressing conditions appears to correlate with its ability to bind calcium ions.
Effect of Ca
2+ binding on the oligomerization state of Ntp1p
As deduced from gel filtration experiments, the active form of Ntp1p in S. pombe corresponds to free homodimers or homotrimers [15] . On the other hand, neutral trehalase mutants D97L and D108L, which fail to bind Ca 2+ ( Figure 6 ) or to undergo enzyme activation (Figure 3) , are still able to interact with Tps1p ( Figure 5 ). These results led us to consider that calcium binding might be an essential requirement for Ntp1p self-association, as a step prior to enzyme activation. To resolve this question, S. pombe strains N1 (wild-type Ntp1p) and N7 (mutant D97L) were cultured in YES medium to mid-exponential phase, subjected to a heat shock, and the corresponding cell extracts analysed under native conditions by FPLC. Moreover, a cell extract from heat-shocked cells of strain N1 was pretreated with 10 mM EDTA and subjected to the same procedure. The proteins eluted from the column in the different fractions were precipitated with trichloroacetic acid, resolved by SDS/PAGE, blotted, and subsequently analysed by Western blot using anti-Ha antibodies. The results revealed a differential pattern of elution for Ntp1p in each case (Figure 7 ). Ntp1p from control strain N1 was detected mainly in fractions 14 and 15, which is consistent with the previously described elution profile for the dimeric or trimeric active form of the enzyme [15] . However, when the same cell extract was pretreated with EDTA, the presence of which drastically lowers trehalase activity (Table 3) , most Ntp1p was present in fractions 17 and 18, which correspond to monomeric forms of the protein (approximate molecular mass 84 kDa). Finally, the elution pattern of mutated Ntp1p from strain N7 was intermediate, with
Ntp1p showing a clear displacement to lower molecular masses (fractions 15-17) that was not as dramatic as that observed in EDTA-treated extracts ( Figure 7) . As a whole, these results favour the idea that the alterations in the aspartic acid residues that are critical for both Ntp1p calcium binding and enzyme activation also affect the oligomerization state of S. pombe neutral trehalase.
DISCUSSION
Unlike what has been observed previously for neutral trehalases from Saccharomyces cerevisiae and Kluyveromyces lactis [14, 16] , the addition of Ca 2+ over a wide concentration range to cell extracts of S. pombe did not enhance trehalase activity. Remarkably, however, enzyme activity clearly decreased in the presence of Ca 2+ -chelating agents ( Table 3 ), suggesting that Ca 2+ might be an essential component of the active form of Ntp1p in the fission yeast. Addition of further Ca 2+ to enzyme preparations treated with chelating agents did not allow recovery of trehalase, but in fact inhibited the remaining activity (Table 3) . A possible explanation for this additional decrease is that the trehalase of S. pombe, similar to trehalases from other organisms, is inhibited by neutral salts at unphysiological concentrations [26] . It could be argued that a salt effect in cell extracts might prevent the detection of both activation of trehalase by Ca 2+ and recovery of enzyme activity in attempts to overcome Ca 2+ sequestration by chelating agents. However, we also failed to show a significant effect of Ca 2+ in enzyme samples after desalting trehalase preparations by gel filtration chromatography. These results unveil a major structural role for this ion, and suggest that removal of Ca 2+ from active Ntp1p presumably promotes a stable conformational change that renders in vitro re-activation impossible. Hence the lack of direct activation in vitro by Ca 2+ and the simultaneous requirement for this cation appears to be a distinct property of the neutral trehalase of S. pombe. The different trehalase activities remaining in samples treated with EDTA or EGTA might reflect the effects of bivalent cations other than Ca 2+ . In this respect, it has been reported that Mn 2+ has an effect similar to that of Ca 2+ on trehalases from several yeasts, so that the Ca 2+ function conferring enzyme activity might be supplied in part by adaptation of Mn 2+ as well [14, 16] .
The observation that neutral trehalases from Saccharomyces cerevisiae and K. lactis contain a putative EF-like Ca 2+ -binding sequence was first made by Amaral et al. [16] , and subsequently extended to neutral trehalases from other yeasts and filamentous fungi, including S. pombe, Candida albicans, Aspergillus nidulans and Neurospora crassa [17, 18, 20] . More recent evidence indicates that this binding site is also present in the neutral trehalases from the insect pathogenic fungus Metarhizium anisopliae and the rice blast fungus Magnaporthe grisea [38, 39] . However, no functional role has been demonstrated for these sequences. In many known EF-hand-containing proteins, such as calmodulin, these motifs are typically found in pairs that display co-operative binding for the cation. When the Ca 2+ -binding conserved aspartate residues at positions 1 and 12 within the motif are altered, calcium binding is dramatically decreased or, in most cases, eliminated [23] . In addition, acidic residues at positions 3, 5 and 9 also play a significant role in the co-ordination of calcium ions, since changes in these and other neighbouring structural residues may lead to decreased affinity [40, 41] . Ntp1p from S. pombe, and other fungal neutral trehalases, exhibit a single canonical EF-like motif, with aspartic residues appearing only at positions 1, 3 and 12 within the site (positions 97, 99 and 108 of the Ntp1p amino acid sequence). However, we have been able to show that Ca 2+ is bound effectively by Ntp1p of S. pombe at a level comparable to that of other Ca 2+ -binding proteins such as calpain, although much less than that of calmodulin ( Figure 6 ). This represents the first physical evidence for a direct interaction between this ion and trehalases. Indeed, Ntp1p accommodates Ca 2+ by binding through aspartic acid residues in the motif, since single point mutations in such residues induce dramatic changes in the Ca 2+ -binding properties of the trehalase. Moreover, changes in the affinity of the trehalase for Ca 2+ result in a substantial loss of enzyme activity under stress conditions that otherwise induce strong trehalase activation and a concomitant increase in the level of the trehalose pool (Figures 3 and 4) . Altogether, these results support the hypothesis that Ca 2+ influences trehalase activity by forming part of the framework of the active enzyme. This conclusion is further strengthened by the fact that alterations in the Ca 2+ -binding site result in a defect in the oligomeric assembly of Ntp1p molecules which is associated with reduced trehalase activity [15] . Although the effects of blocking the EFlike consensus site for Ca 2+ on trehalase and those derived from the seizure of Ca 2+ by chelating agents are not identical, they nevertheless lead to similar outcomes. Both processes result in decreased trehalase activity and a simultaneous shift in the elution pattern that reveals the induction of altered oligomerization forms of the Ntp1p enzyme not corresponding to native dimers or trimers ( Figure 7 ). This is analogous to the effect observed for subunit aggregation of some Ca 2+ -binding proteins, whose Ca 2+ -dependent association can be reversed by EDTA [25] .
The relevance of the above data and its implications for the regulation of trehalase in vivo are intriguing. Our results indicate that Ca 2+ is needed not only for trehalase activity (Table 3) , but also for full activation of the enzyme under stress conditions (Figure 3 ). Current evidence supports the view that the activity of fungal neutral trehalases results from a prior activation step, consisting of cAMP-dependent phosphorylation of the enzyme, which may be triggered in vivo by metabolic changes or stressing conditions and mimicked in vitro by mixtures containing ATP, PKA and cAMP [1, 12, [42] [43] [44] [45] . In contrast with trehalases from other yeasts, activation of S. pombe trehalase has not been achieved in vitro, although numerous results suggest that phosphorylation of the enzyme does occur in vivo [29, [46] [47] [48] [49] . On the other hand, similar to that from Saccharomyces cerevisiae, the active form of trehalase in S. pombe represents dimers or trimers of Ntp1p [14, 15] . Therefore the need for Ca 2+ could be a prerequisite for in vivo Ntp1p activation induced by both glucose and stressing conditions; alternatively, Ntp1p might be first phosphorylated, but unable to form proper oligomers in the absence of Ca 2+ . Since determination of activation in vivo relies on measuring the trehalase activity of already phosphorylated molecules, any effect of Ca 2+ on activity precludes estimation of a separate effect on the prior activation process. For this reason, it may be difficult to distinguish with certainty whether Ca 2+ is important for either correct activation by phosphorylation or appropriate oligomerization folding that leads to the catalytically active form of Ntp1p. However, considering the influence of Ca 2+ and chelating agents on trehalase assays in vitro, where only Ntp1p molecules already modified by activation and properly oligomerized exhibit enzyme activity, it seems reasonable to suspect that the main effect of Ca 2+ removal is on the phosphorylated form of trehalase.
Interaction between Ntp1p and Tps1p is required in S. pombe for trehalase activation induced by some stresses [5, 36] . Thus we considered that this might be another potential point for a Ca 2+ -mediated effect on trehalase, particularly because formation of Ntp1p-Tps1p complexes has been demonstrated in vivo in the fission yeast [15] . However, when we focused on this issue, the results showed that mutant strains altered in amino acid residues within the Ca 2+ -binding site still displayed the ability for Ntp1p-Tps1p association ( Figure 5 ).
It has been postulated that trehalase activation by heat shock in Saccharomyces cerevisiae requires the prior removal of an endogenous inhibitor protein that prevents trehalase phosphorylation by PKA [50] . A model for the regulation of neutral trehalase by Ca 2+ has been proposed in this yeast that involves the phosphorylation of this trehalase-associated protein by Ca 2+ / calmodulin-dependent protein kinase to induce its dissociation from the trehalase enzyme, thus exposing the sites of the enzyme that are susceptible to phosphorylation by PKA [51] . Accordingly, the role of Ca 2+ in the modulation of neutral trehalase activity in Saccharomyces cerevisiae appears to rely upon a synergy between the ion and the cAMP signalling pathway that regulates trehalase activation. In contrast, our interpretation of the effect of Ca 2+ on Ntp1p from S. pombe is much simpler, and based on a direct structural relationship between Ca 2+ and the Ntp1p enzyme itself. Consistent with this, we have demonstrated that structural integrity of the binding site for Ca 2+ is required for trehalase activation upon stress and that, independent of the nature of the activation mechanism, Ca 2+ binding is required for the normal catalytic activity of the enzyme through the homomeric association of Ntp1p molecules. Taking into account the conserved nature of the Ca 2+ -binding motif, it is possible that neutral trehalase activity is modulated by Ca 2+ switching in other fungal systems as well. However, specific requirements may be additionally involved, since the in vitro response of trehalase to the addition of Ca 2+ is not identical in fission and budding yeasts. It is likely that the Ca 2+ -induced formation of trehalase oligomers is necessary, but not sufficient, to bring about trehalase activation. This interpretation correlates with the observation that, unlike for Saccharomyces cerevisiae neutral trehalase, phosphorylation of Ntp1p has not yet been achieved in vitro, and may be also dependent on interactions with other enzymes related to trehalose metabolism in vivo [15] .
